Dams, because of their scale and the drastic consequences should they fail, have also led to advances in civil engineering. The improved understanding of soil strength, seen when comparing the state of the art described in the 1970s design of Empingham dam 9 and that in Vaughan's 1994 Rankine Lecture, 10 is one example of such advances. This paper outlines experience in dams that may point the way to the development of rational and equitable standards in the provision of sustainable infrastructure.
World Commission on Dams
Inevitably, dams affect river environments 11 and this has led to anti-dam activism. One such objector demonised dam engineers saying they were 'as brutal towards the environment as any Stalinist hack'. 12 The World Commission on Dams was set up jointly by the World Bank and the World Conservation Union to address the environmental concerns. Dam professionals hoped it would provide pointers to improved practice, because they were concerned that people were being unnecessarily deprived of the benefi ts of dams. 13 Dams are important elements of water infrastructure and bring many benefits to society. The World Commission on Dams addressed concerns about them and practice is improving. The UN Millennium Development Goals aim to halve several unsatisfactory situations by 2015, and infrastructure contributing to their achievement should therefore be designed to halve current risks. Quantitative risk assessment methods have been developed to enumerate the safety of UK dams. Any quantitative assessment of risk necessarily raises the need to establish what risks are acceptable to society, and the work on dams has prompted the thought that acceptable risk could become an impartial, apolitical and conscionable means of establishing the standards of infrastructure that should be delivered. How the approach could be applied and developed is described.
Dams: setting a new standard for sustainability
The commission's deliberations were based on the Universal Declaration of Human Rights (1948), the UN Declaration on the Right to Development (1986) and the Rio Declaration on the Environment and Development (1992). It reported in 2000 14 and its main recommendations were ■ fi ve core values-equity, effi ciency, participation, sustainability and accountability-for future decision making on dams ■ a rights and risks approach for identifying stakeholders in negotiating development choices and agreements ■ seven strategic priorities-gaining public acceptance; assessing options; addressing existing dams; sustaining rivers and livelihoods; recognising entitlements and sharing benefi ts; ensuring compliance; and sharing rivers for peace, development and security ■ a set of criteria for assessing compliance and 26 guidelines for review and approval of projects at fi ve stages of decision-making.
The commission's report was recommended by ministers in developed countries 15 for 'guiding and informing policy and development priorities with those of the environment'. 16 The core values, rights and risk approach and seven strategic priorities have been followed to varying degrees, but few nations could implement the 26 guidelines.
An important lesson was that engineers were perceived to be responsible for dealing with the entire range of issues around dams, many of the less technical of which they had taken previously to be the responsibility of others (including, for example, settlement). 17 This was welcomed as giving dam engineers the opportunity to represent the 'human face of dams' and interact to a greater extent with society, 18 facilitating delivery of better projects benefi ting both society at large and directly affected peoples.
Sustainable infrastructure
The wider role of civil engineers in dam development stimulated closer consideration of the purposes of dams-in common with all civil engineering infrastructure they are entirely benign, sustaining lives and livelihoods-and how this could be achieved without making unsustainable demands on the environment. This led to the concept of 'sustainable infrastructure'. 19 Sustainable infrastructure adapts the principles of sustainable development to civil engineering-the provision of infrastructure to meet societies' needs for power, water and transport. Sustainable infrastructure is provided, operated and maintained to meet social needs. It is successful when economic development is achieved and the environment is sustained. The pillars of sustainable infrastructure are ■ social needs ■ economic growth ■ environmental sustainability.
The concept recognises that the environment is passive and is necessarily exploited to meet social needs. The impacts on the environment should be enumerated and the risks and benefi ts of various options assessed.
However, few science-based methods of making such evaluations are available because conservation is a fi eld in which only 2% of decisions are science-based 20 and because progress has been hampered by continuing environmental activism. 21 However, when evaluated in accordance with the principles of sustainable infrastructure, making use of the extensive environmental studies that were carried out, 22 the situation at Three Gorges dam seems satisfactory (Fig. 1) .
Sustainable infrastructure is self-regulating: society addresses issues and corrects imbalances in a process of continual improvement. Currently the UN Millennium Development Goals aim to correct defi ciencies in meeting social needs, 23, 24 while the Kyoto Treaty reduction in carbon emissions aims to sustain the environment. Both will generate, and be dependent for their success on, economic growth.
Ecological forecasts and engineering
At a recent International Commission on Large Dams environmental symposium, 25 presenters described the increasingly sophisticated modelling of natural processes now available, in sedimentation 26 and sediment fl ushing 27 for example.
The question of forecasting the impacts of dams on fl ora and fauna was also addressed. Current check-lists 28 or sustainability guidelines 29 do not provide the means to forecast impacts, but it was shown that current knowledge might provide a basis for forecasting methods. Impacts are not necessarily adverse because, as indicated by Fig. 2, 30,31 modulated fl ow conditions downstream of a dam may create conditions favourable to a wider range of species than could survive in the variable predam conditions. Viewing infrastructure provision holistically and developing methods to enumerate future impacts on the environment mirror the approach that civil engineers have had to take in dealing with natural phenomena, such as earthquakes and fl oods, and present a rational way forward.
By dealing with as many issues as possible by technical analysis, apolitical and impartial examinations of alternatives can be made and impartial recommendations made to societies. The issues to be addressed may seem complex, but it is not conscionable to deprive people of infrastructure and perpetuate deprivation unless there is responsible evidence that no alternative is sustainable.
Risk assessment and UN goals
The UN's Millennium Development Goals provide a pointer to determining the extent of the part that infrastructure will play in achieving them. The goals are to halve several unacceptable situations by 2015, such as deaths in childbirth. Although midwives and doctors will have a dominant role in achieving this goal, infrastructure will also play a fundamental part, as outlined in Table 1 . 32 Setting aside the thought that half-measures are not appropriate in these circumstances, a coldly rational approach to achieve the goals exactly would have to commence with an assessment of risks to 
Quantitative risk assessment
Recent work on risk assessment on dams provides pointers to a risk-based approach to the provision of infrastructure. Dams pose a high hazard to downstream populations, and dam engineers strive to keep the risk of failure low.
In Britain, dam safety engineers working within the Reservoirs Act (1975), had been concerned that, when they issued safety certificates, it may be implied that there was no risk of failure. Recent work 33 has made it possible to enumerate the risk and check whether the risk is acceptable. Figure 3 summarises the results of ten trials using the new method. 34 The probability of failure has been projected from data on incidents (there have been no failures) at UK dams collected over many years. 35 The estimated probability of failure for six of the ten dams in the trial was in the unacceptable zone, three were in or close to the tolerable zone, and one was in the broadly acceptable zone.
Note that, other than in the two extreme cases, the dams in the unacceptable zone show annual probabilities of failure not worse than 2 × 10 -4 (i.e. rarer than 1 in 5000). The circles on Fig. 3 show that if 90-minute warnings were issued and acted upon, the likely loss of life would be reduced from around 100-200 to less than fi ve. Work will be put in hand to bring the safety of the unacceptable dams into the acceptable zone. In the tolerable zone between the acceptable and unacceptable zones, safety measures will be undertaken to reduce risk to as low a level as is reasonably practicable (ALARP).
The limits of the acceptable and unacceptable zones shown on Fig. 3 have been set with advice from the UK Health and Safety Executive 36, 37 and under current legislation dam owners are liable for downstream damage. However, the acceptable limits are ultimately decisions made by society, 38 whereby some of the benefi ciaries living downstream of dams are put at an acceptably low risk from its collapse, while all benefi ciaries enjoy an acceptably low risk of premature death because of the benefi ts that the dam brings.
Risk-based approach to provision
Establishing acceptable risks in relation to the disbenefi ts and, more positively, the benefi ts of infrastructure would provide criteria for the level of social needs that could reasonably be met by infrastructure. The risk criterion would allow common standards to be set and impose uniform levels of risk and benefi t on all communities. This would respond to the World Commission on Dams' goal of equity, as well as exceeding the UN development goals and overcoming their disadvantage of perpetuating inequity by only halving present risks.
The risk-based approach would provide infrastructure to achieve an acceptably low level of mortality, generate suffi cient economic growth to sustain it and achieve these by means that would put sustainable demands on the environment by following the cycle shown on Fig. 4 . If it were adopted, the extent to which infrastructure alone, without medical intervention, sustains life would need to be assessed from international experience. This would give guidance on levels of mortality achievable from infrastructure.
Experience to date would indicate whether infrastructure provided was sustainable by evaluating whether it would sustain suffi cient economic growth to generate income to pay for its upkeep, management and replacement. Information of this kind could also be used to assess the amounts and duration of budget support needed to convert currently impoverished societies into economically self-sustaining ones. New methods, similar to those emerging in relation to dams' impacts on the environment, would make it possible to evaluate the impacts of the infrastructure on the environment, and assess the impacts on mortality of different approaches to environmental conservation.
The risk-based method would apply at various scales. It could be used to compare broad options, in energy sources or fl ood protection, for example; or it could be used at project level. Although described through the UN development goals, the risk-based approach applies also in developed societies. The risk, although estimated, would be absolute, making it possible to examine the consequences of proposed improvements by dispassionate numerical evaluation. Consider, as an example, 'demand management' in domestic water supplies: too much reduction in water use may lead to poor hygiene and increase the risk of mortalities. Fig. 4 . How the risk-based approach would deliver sustainable infrastructure to reduce mortality to acceptably low levels
Conclusions and recommendations
Experience from dams has given some pointers on impartial, apolitical and fundamentally technical science-based approaches, untainted by prejudices and ideology, to the complex issues of sustainable infrastructure provision. Data and guidance is needed in a form that civil engineers and other infrastructure professionals could use to evaluate and recommend to societies the most suitable infrastructure to meet their needs sustainably.
The ICE is the leading international body for professional civil engineers, respected as the source of knowledge on the provision of infrastructure for water, power and transport. It would fulfi l its highest professional obligations and serve the many segments of society engaged in providing infrastructure if it initiated a programme leading to the preparation of guidance on the risk-based approach to infrastructure to sustain lives, livelihoods and the environment on which they depend.
